Background: The TACC3-chTOG protein complex is essential for mitotic spindle assembly. Results: TACC3-chTOG binding is directed and mediated by specific intradomain and interdomain interactions that are not affected by Aurora-A kinase. Conclusion: Formation of the TACC3-chTOG complex is Aurora-A-independent, in contrast to its recruitment to the spindle apparatus. Significance: Novel insight into regulation and domain specificity of TACC3-chTOG interaction is provided.
The centrosome represents the main microtubule (MT) 4 organizing center in all metazoans and is thereby responsible for equal partitioning of chromosomes to daughter cells during the mitotic phase of the cell cycle (1) (2) (3) (4) (5) . Numerical and structural abnormalities of centrosomes are associated with aneuploidy, chromosomal instability and transformation, developmental defects, apoptotic cell death, and cell cycle arrest through induction of premature senescence (6 -12) . Cancer cells e.g. counteract extra centrosomes and, therefore, the danger of multipolar divisions and excess aneuploidy/cell death through centrosome clustering (13) (14) (15) . This process became an attractive pharmacological tumor target (16, 17) .
During the cell cycle centrosomes undergo a division and maturation process called the centrosome cycle (4, 18, 19) . Mitotic centrosomes are structurally made up of one pair of centrioles surrounded by the pericentriolar matrix (20) . More than two hundred proteins are involved in centrosome assembly, organization, and function (19, (21) (22) (23) . These proteins have structural, functional/enzymatic, and regulatory/signaling roles in MT nucleation and spindle dynamics, mitotic progression, and cytokinesis (24) . Recent work by the Mitocheck consortium (25, 26) provided a global confirmation of known and identification of novel cell division genes and their protein complexes that require biochemical and functional elucidation in greater detail.
Members of the centrosomal TACC (transforming acidic coiled-coil) family of proteins are important structural components of the mitotic spindle apparatus (27) (28) (29) . TACCs are conserved in all metazoans and play a vital role as adaptor proteins in the regulation of centrosomal integrity and spindle MT stability and dynamics (27, 28, 30 -34) . Vertebrates express three TACC isoforms, TACC1, TACC2, and TACC3, of which the latter is typically found at high levels in proliferative and regenerative cell types and tissues (35) (36) (37) . During the cell cycle TACC3 expression increases strongly in the G 2 /M phase (38) followed by Cdh1-dependent degradation of TACC3 during mitotic exit (39) . TACC3 deficiency leads to growth retardation and embryonic lethality (38, 40) , in line with the anti-proliferative impact of shRNA mediated gene silencing of TACC3 (41, 42) .
A crucial regulator of TACC3 is the mitotic kinase Aurora-A that phosphorylates TACC3 (pTACC3) and thereby determines its differential centrosomal/proximal spindle (pTACC3) versus distal spindle MT (TACC3) localization during (pro)-metaphase (43) (44) (45) (46) . Interestingly, recent findings expand the function of TACC3 and the Aurora-A-TACC3 axis to the regulation of kinetochore-microtubule connections (47) and central spindle assembly at later stages of mitosis (48) , respectively. Other known TACC3 binding partners with regulatory/effector functions include the endocytic and vesicle trafficking protein clathrin (i.e. clathrin heavy chain) (49, 50) that binds to the clathrin interaction domain of pTACC3 to ensure intermicrotubule bridging and mitotic spindle organization (51, 52) . Moreover, the evolutionary conserved interaction between TACCs and MT polymerases of the XMAP215 family is crucial for spindle pole stabilization and growth of centrosomal MTs (43, 46, 53) . Family members, which comprise XMAP215 in Xenopus laevis, Msps in Drosophila melanogaster, and chTOG/ CKAP5 (cytoskeleton associated protein 5) in Homo sapiens, are identified by the presence of several "TOG" domains involved in MT binding.
TACC proteins are structurally characterized by a rather variable N-terminal region of which the approximately first 100 residues are uniquely conserved among vertebrate TACC3 isoforms. Further features include a central serine-proline-glutamate-rich repeat region (28, 33) that in the case of murine TACC3 is characterized by seven perfect repeats of 24 amino acids each (thereafter referred to as "7R") (33, 38) as well as a highly conserved, coiled-coil-containing C terminus (thereafter referred to as "CC" or "TACC domain"). This signature domain is composed of ϳ200 amino acids (aa) (27, 33, 55) , required for centrosomal localization, and known to be involved in protein-protein interaction (28) . Here, TACC proteins interact from yeast to human through their TACC domain with the C terminus of XMAP215 family members (28, 46, 56, 57) , thereby targeting them to spindle poles. In contrast, the functional role of the N-terminal part of TACC3 outside of the TACC domain is rather undefined besides being a substrate for Aurora-A-mediated phosphorylation that is required for centrosomal and proximal spindle localization of TACC3 (28) .
From the analysis of X. laevis TACC3, it has been proposed that the N-terminal part masks the TACC domain and thereby inhibits its function (58, 59) . Aurora-A mediated phosphorylation of TACC3 was implicated to "unmask" and thereby expose the TACC domain to intermolecular interaction with XMAP215 (46, 59) . However, the molecular basis/details of the masking/unmasking mechanism of the TACC domain and its interaction with the C terminus of XMAP215 remained enigmatic. Here, we subjected recombinant murine TACC3 and the C-terminal part of the murine XMAP215 homologue chTOG to a deletion and biochemical interaction analysis. We identify within the TACC domain two functionally distinct subdomains, CC1 (aa 414 -530) and CC2 (aa 530 -630), which are involved in interdomain and intradomain protein interaction, respectively. We demonstrate that TACC3 forms a stable intramolecular complex through the interaction of 7R with CC2 (TACC domain "masked"). Interestingly, the C terminus of chTOG (aa 1806 -2032) right hand to the putative MT-interacting TOG6 domain (52) binds selectively to the CC1 module and thereby disrupts the intramolecular CC2-7R complex, thereby giving rise to the effector-bound state of the TACC domain (TACC domain "unmasked"). Neither intradomain interaction of TACC3 nor its binding to chTOG was affected by Aurora-A kinase. Thus, consecutive intra-and intermolecular protein interactions direct and determine TACC3-chTOG protein complex formation before its Aurora-A-regulated centrosomal and proximal spindle recruitment required for MT growth and mitotic spindle assembly.
EXPERIMENTAL PROCEDURES
In Silico Analysis of TACC3-Protein sequences of TACC family members were retrieved from the NCBI database and used for further analysis. For sequence alignment and evolutionary analysis of conserved domains, the ClustalW multiple sequence alignment algorithm was used (60) , and alignment was analyzed with JALVIEW. Further analysis of the coiledcoil boundary in the TACC domain of murine TACC3 was performed using the COILS server in 14, 21, and 28 residue scan mode (61) . Algorithms and tools from the EXPASY proteomic server were employed for sequence-based protein characterization.
Cloning of Expression Constructs-Coding sequences for murine TACC3 and its variants were amplified using sequence-specific primer and cloned into the pGEX-4T1-NTEV expression vector. The following constructs were created: fulllength TACC3 (aa 1-630); TACC3-⌬N (⌬1-118); TACC3-⌬R (⌬141-308), lacking the serine-proline-glutamate-rich repeat region; TACC3-⌬N⌬R (⌬1-118 and ⌬141-308); 7R (aa 119 -324) comprising the serine-proline-glutamate-rich repeat region; CC (TACC domain; aa 414 -630); CC1 (aa 414 -530); CC2 (aa 530 -630) (62) . Moreover, pGEX-4T1-NTEV-based expression constructs for C-terminal fragments of human chTOG were created: chTOG-Cterm (aa 1574 -2032), chTOG-A (aa 1544 -1805), and chTOG-B (aa 1806 -2032). To generate TACC3 deletion mutants fused at the C terminus to GFP, the following constructs were cloned in a pEGFP-N1 (Clontech)-based vector: full-length TACC3; TACC-⌬CC1 and TACC-⌬CC2 lacking the CC1 or CC2 subdomains, respec-tively; TACC-⌬CC lacking the entire TACC domain. All constructs were validated by DNA sequencing.
Overexpression and Purification-GST fusion proteins were overexpressed in Escherichia coli BL21 Rosetta strain (Novagen). Protein extraction was carried out by incubating cells at 4°C with DNase I (10 g/ml) followed by cell lysis in a microfluidizer (model M110S, Microfluidics Corp.) at a pressure of 10.000 p.s.i. Bacterial lysates were centrifuged to collect soluble fractions, and GST-tagged proteins were isolated from the supernatant via GST affinity purification. Upon cleavage of the GST tag with tobacco etch virus protease (4 units/mg, 4°C, overnight) or thrombin (2 units/mg, 4°C, overnight) proteins were subjected to gel filtration using a standard buffer containing 30 mM Tris-HCl, pH 7.5, 200 mM NaCl, 3 mM DTT, and 2 mM EDTA. The GST tag from the TACC3-⌬N and TACC3-⌬N⌬R deletion mutants could not be cleaved by tobacco etch virus protease for unknown reasons (data not shown), thus employing thrombin for both GST tag removal and cleavage at the internal site (supplemental Fig. S4 ). The final purity was analyzed on SDS-PAGE, proteins were concentrated using centrifugal ultrafiltration devices (Amicon Ultra; Millipore), and protein concentration was determined by the Bradford assay. For mass spectrometric analysis of thrombin-cleaved TACC3, the protein was desalted by passing through NAP-25 columns (GE Healthcare) and analyzed by MALDI-TOF at the central BMFZ facility of the Heinrich-Heine-University Düsseldorf.
Immunoblotting-Proteins were separated using SDS-PAGE gels and transferred to nitrocellulose membranes (Hybond C, GE Healthcare). Blots were probed overnight with primary antibodies: ␣TACC3 (N18) and ␣TACC3 (C18), both generated in rabbits (38) , are specific for the N and C terminus of murine TACC3, respectively; ␣GST (Abcam); ␣chTOG (Abcam, QED Bioscience/Acris, and Novus Biologicals); ␣GFP (Roche Applied Science). After three washing steps membranes were incubated with horseradish peroxidase-coupled secondary antibodies for 1 h. Signals were visualized by the ECL detection system (GE Healthcare), and images were collected using the INTAS chemostar imager.
Analytical Gel Filtration/Size Exclusion Chromatography (SEC)-Gel filtration was performed using a Superose 6 10/300 GL column connected to an ÄKTA TM purifier (GE Healthcare) and UV900 detector. For molecular weight determination, the column was calibrated with standard proteins of known molecular mass: thyroglobulin (669 kDa), ferritin (440 kDa), aldolase (158 kDa), ovalbumin (43 kDa), carbonic anhydrase (29 kDa), ribonuclease A (13.7 kDa), and aprotinin (6.5 kDa). Protein samples (50 -200 g) were injected onto the preequilibrated column, and elution fractions of 0.5 ml were collected. Elution profiles were recorded using UNICORN4.11 software, and peak fractions were analyzed by SDS-PAGE followed by Coomassie Brilliant Blue (CBB) staining and immunoblotting.
GST Pulldown Assay-GST, GST-fused TACC3 variants, and fragments of the C terminus of chTOG (chTOG-Cterm) were expressed in E. coli and purified using standard protocols. To obtain prey proteins, the GST tag was cleaved off with tobacco etch virus protease and cleared by reverse GSH affinity purification. GSH-Sepharose beads (GE Healthcare) in a 100-l volume were washed 3 times with standard buffer. GST and GST-fused proteins (10 -20 M) were added and incubated in a final volume of 200 l at 4°C for 1 h. Blocking with 5% BSA (2 h at 4°C) was performed followed by three washing steps with standard buffer (30 mM Tris-HCl, pH 7.5, 200 mM NaCl, 3 mM DTT, 2 mM EDTA). Finally, samples were incubated at an equimolar ratio with prey proteins at 4°C for 2 h. After five washing steps, 100 l of 2ϫ Laemmli buffer was added, and samples were heat-denatured (5 min at 95°C) and analyzed by SDS-PAGE followed by CBB staining and immunoblotting.
Isothermal Titration Calorimetry (ITC)-Purified TACC3 variants and chTOG-Cterm were first subjected to gel filtration (Superose 6 XK16/60) using ITC buffer (30 mM Tris-HCl, pH 7.5, 200 mM NaCl, 1 mM Tris(2-carboxyethyl)phosphine, 2 mM EDTA). For the 7R fragment, buffer was exchanged by overnight dialysis against ITC buffer using Slide-A-Lyzer dialysis cassettes (Thermo Scientific). All ITC measurements were carried out at 20°C using a VP-ITC microcalorimeter (Microcal) (63, 64) . Proteins were loaded into the sample cell and titrated with their putative interaction partners (10 -15-fold higher protein concentration in the syringe compared with the concentration in the cell; titration volume 8, 10, or 15 l; spacing of 150 -180 s; reference power of 13 cal s Ϫ1 , stirring at 310 rpm). The final data analysis was carried out using Origin software (Microcal Software). The experimental data were evaluated using Origin 7.0 software (Microcal Software) to determine the binding parameters, including association constant (K a ), number of binding sites (N), and enthalpy (⌬H). Control measurements were performed by titrating buffer to the protein and vice versa.
Immunoprecipitation-Purified TACC3 proteins before and after thrombin cleavage (ϳ10 -15 g) were mixed with 2 l of rabbit antisera (␣TACC3 N18 or ␣TACC3 C18) (38) and incubated overnight at 4°C. Thereafter, 25 l of protein A/G-agarose (Santa Cruz Biotechnology) preabsorbed with BSA was added, and the volume was adjusted to 100 l with IP buffer (30 mM Tris-HCl, 200 mM NaCl, 2 mM EDTA). After an incubation period of 1 h the beads were washed with IP buffer, and protein complexes were eluted with 2ϫ Laemmli loading buffer and analyzed by SDS-PAGE and immunoblotting using primary antibodies (N18, C18) and horseradish peroxidase-conjugated secondary antibodies. Moreover, total cell lysates from HEK293 cells, which were transfected with expression vectors for TACC3 or TACC3 deletion mutants fused C-terminally to GFP, were prepared essentially as described (32) and thereafter subjected to immunoprecipitation using ␣GFP antibodies (Roche Applied Science). chTOG was detected in the co-immunoprecipitates using an ␣chTOG antibody from QED Bioscience/Acris.
Protein Kinase Assay-Purified human Aurora-A kinase (Signal Chem) was employed according to the manufacturer's instructions. In brief, kinase assays were performed in a volume of 25 l by mixing 5 l (0.1 g/l) of Aurora-A kinase (diluted in kinase assay buffer: 5 mM MOPS, pH 7.2, 2.5 mM ␤-glycerol phosphate, 5 mM MgCl 2 , 1 mM EGTA, 0.4 mM EDTA, 50 ng/l BSA) with 1 g of purified TACC3 protein (before and after thrombin cleavage) or 1 g of the TACC3-chTOG complex as a substrate. The final volume was adjusted to 20 l with double distilled H 2 O, and reactions were started by adding 5 l of 10 mM ATP (dissolved in 25 mM MOPS, pH 7.2, 12.5 mM ␤-glycerol phosphate, 25 mM MgCl 2 , 5 mM EGTA, 0.4 mM EDTA). Reactions were incubated at 30°C for 15 min and stopped by the addition of 10 l of 2ϫ Laemmli loading buffer. Samples were separated by SDS-PAGE, and phosphorylated proteins were subsequently detected by Pro-Q Diamond (Molecular Probes, Invitrogen) and CBB staining.
Eukaryotic Cell Culture-HEK293 and HeLa cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum (Invitrogen), 2 mM L-glutamine, 100 units/ml penicillin, and 100 g/ml streptomycin. GFP-fused TACC3 expression vectors were transfected into HEK293 cells using the TurboFect transfection reagent (ThermoScientific). The Aurora-A kinase inhibitor MLN8237 (Selleckchem) was applied in cell culture at a concentration of 0.5 M for 2 h (65).
Confocal Laser Scanning Microscopy-Cells were seeded at densities of 8 ϫ 10 3 cells/cm 2 on coverslips and fixed with ice-cold methanol/acetone (1:1) for 20 min at Ϫ20°C upon MLN8237 treatment. Subsequently, cells were incubated in IF buffer (4% bovine serum albumin, 0.05% saponin in PBS) for 1 h and stained in IF buffer with the following primary antibodies at the indicated dilutions: anti-␣-tubulin (DM1a,1:500, Sigma, or YOL1/34, Acris Antibodies, Hiddenhausen, Germany); ␣TACC3 (H300 or D2, Santa Cruz Biotechnology); anti-␥-tubulin (GTU-88, 1:100, Sigma); ␣chTOG (1:500, Acris); ␣pT288 Aurora-A (1:500; Cell Signaling). DNA was detected using 4,6-diamidino-2-phenylindole (DAPI, 1 mg/ml; Sigma). Analyses were performed with a LSM510-Meta confocal microscope (Zeiss) equipped with 40/1.3 or 63/1.4 immersion objectives and excitation wavelengths of 364, 488, 543, and 633 nm.
RESULTS

The TACC Domain of TACC3 Consists of Two Distinct
Coiled-coil Subdomains-To examine the primary structure of murine TACC3 and thereby define functional modules in TACC3, sequence alignments of vertebrate TACC family members were performed. Consistent with previous findings (28, 33, 55) , the N termini of TACC3 isoforms are characterized by a variable length and different amino acid composition as compared with other vertebrate TACC family members. Interestingly, the first 100 amino acids of TACC3 isoforms display a sequence identity of up to 75% (data not shown) followed by the central repeat region that in the case of murine TACC3 comprises seven conserved serine-proline-glutamate-rich repeats (7R) each consisting of 24 amino acids. Interestingly, coiled-coil prediction analysis indicated the presence of one breaking region that divides the C-terminal TACC domain of mammalian TACC3 proteins into two coiled-coil-containing subdomains, CC1 and CC2 (supplemental Fig. S1 ). Here, CC2 clearly revealed a higher amino acid sequence identity than the CC1 subdomain (supplemental Fig. S2) . Overall, the domain organization of vertebrate TACC3 proteins emphasizes their isoform-specific functional roles as compared with TACC1 and TACC2. That is exemplified by the embryonic lethality caused by TACC3 deficiency, which is not observed for TACC2 deficiency (37, 38, 40) , as well as by the selective interaction of the aryl hydrocarbon receptor nuclear translocator (ARNT) with TACC3 but not with TACC1 and TACC2 (66 Fig. S3) as well as C-terminal fragments of chTOG (supplemental Fig. S5A ) into the prokaryotic expression vector pGEX-4T1-NTEV. Proteins fused N-terminally to glutathione S-transferase (GST) were purified, cleaved using tobacco etch virus protease to remove the GST tag, and finally separated by gel filtration and/or reverse glutathione affinity chromatography (supplemental Figs. S4 and S5, B and C). Thrombin cleavage of TACC3 resulted in two fragments, a larger N-terminal part (TACC3-N7R, aa 1-413) and a smaller C-terminal fragment (CC, aa 414 -630) containing the TACC domain ( Fig. 1A and supplemental Fig. S4A ). The identity and size of the CC fragment (25.2 kDa) was corroborated by mass spectrometry using MALDI-TOF. The adaptability of the thrombin site was also confirmed for the deletion mutants TACC3-⌬R, TACC3-⌬N, and TACC3-⌬N⌬R (supplemental Fig. S3 and S4) .
Intradomain Association Leads to an Intramolecular Masked State of TACC3-We next subjected TACC3 to analytical size exclusion chromatography (aSEC) using a Superose 6 10/300 column. Interestingly, TACC3 eluted before and after thrombin cleavage in peak fractions with apparent molecular masses of ϳ1200 and ϳ630 kDa, respectively (Fig. 1B) , the latter being unexpectedly the only peak detected after thrombin cleavage. Subsequent peak fraction analysis by SDS-PAGE and CBB staining as well as immunoblotting demonstrated the co-elution of both fragments, TACC3-N7R and CC (Fig. 1C) . These findings strongly suggested the formation of a tight complex between the N-and C-terminal parts of TACC3. We confirmed this intramolecular interaction by co-immunoprecipitation of TACC3 before and after thrombin cleavage using antibodies specific for the N or C termini of murine TACC3 (38) . As indicated in Fig. 1D , TACC3-N7R and CC was co-immunoprecipitated in both directions. Of note, thrombin cleavage of TACC3 did not result in changes in its secondary structure as indicated from circular dichroism measurements (supplemental Fig.  S11A) .
The Intramolecular Interaction of TACC3 Is Mediated between the 7R and CC2 Domains-To identify the domains involved in intradomain TACC3 interaction, we deleted the conserved N-terminal region (⌬1-118; TACC-⌬N) and the central 7R region (⌬141-308; TACC3-⌬R) (supplemental Fig.  S3 ). The respective purified TACC3 variants were analyzed before and after thrombin cleavage by aSEC. The absence of the first 118 amino acids did not have any detectable effect on the elution pattern of TACC3-⌬N that was comparable to fulllength TACC3 (Fig. 2B) . Also, upon thrombin cleavage, both protein fragments (named TACC3-7R and TACC3-CC in Fig. 2 ) still co-eluted in one peak, suggesting that the conserved N-terminal region is not essentially involved in the intramolecular interaction of TACC3. In contrast, deletion of the 7R region abolished intradomain binding and resulted after thrombin cleavage in the separation of the fragments (named TACC3-N and TACC3-CC in Fig. 3 ) in two distinct peaks with apparent molecular masses of 160 and 630 kDa, respectively). Their identity was reconfirmed by immunoblot analysis (Fig.  3C) . Thus, the central serine-proline-glutamate-rich repeat region (7R) is required for the intramolecular interaction with the C-terminal CC domain.
We further validated this finding by subjecting the isolated domains, i.e. GST-7R (bait) and CC (prey) (supplemental Fig.  S3 ) to pulldown-based interaction analysis. GST alone was used as the control. Although CC showed an unspecific binding to the beads, we could still detect a clearly stronger binding of CC when GST-7R was used as bait and analyzed by immunoblotting (Fig. 3D) . Last, to determine the region within the TACC domain that binds to the central repeat region, we purified 7R and the CC subdomains CC1 and CC2 (supplemental Fig. S3 and S4E) and analyzed their interaction by employing ITC. As indicated in Fig. 3E , significant calorimetric changes as well as changes in the temperature as a function of the molar ratio of the interacting proteins were observed when 7R was titrated onto CC2. In contrast, binding of 7R to CC1 could not be detected (Fig. 3E, lower panel) . We conclude that the central repeat region, i.e. 7R, binds selectively to CC2 and thereby mediates intramolecular TACC3 binding potentially masking the C terminus of TACC3 before intermolecular protein interaction.
TACC3 Interacts with chTOG via Its CC1 Domain-We next characterized the interdomain binding between TACC3 and its major effector, the MT polymerase chTOG. We employed the C terminus of chTOG as bait (GST-chTOG-Cterm; supplemental Fig. S5 ) in pulldown assays demonstrating a strong interaction between chTOG-Cterm and the CC domain of FIGURE 1. Thrombin cleavage of murine TACC3 generates two N-and C-terminal fragments staying in one intramolecular complex. A, a novel and unique thrombin site divides TACC3 into two separate parts, TACC3-N7R and TACC3-CC. N specifies the conserved ϳ100 amino acid residues at the N terminus. CC1 and CC2 indicate two distinct coiled-coil subdomains in the C terminus. r1 to r7 denotes the central region in TACC3 consisting of seven serine-prolineglutamate-rich repeats (7R). B, determination of the apparent molecular mass of TACC3 by aSEC (Superpose 6, 10/300). Elution profiles of TACC3 before (solid line) and after thrombin cleavage (dashed line) are indicated. V o , void volume. mAu, milliabsorbance units. C, peak elution fractions were analyzed by SDS-PAGE followed by CBB staining (left panel) and immunoblotting (central and right panels employing N18 and C18 antibodies directed against the N-or C-terminal end of TACC3, respectively) (38) . D, co-immunoprecipitation analysis of TACC3 before (upper panel) and after thrombin cleavage (lower panel) was performed either without antibody input (beads control, lane 2) or by using N18 and C18 antibodies (lanes 3 and 4) . Thr., thrombin.
TACC3 (Fig. 4A) . Interestingly, when analyzing the relative contribution of the two coiled-coil-containing subdomains of the TACC domain (i.e. CC1 and CC2; supplemental Fig. S3 ) to chTOG-Cterm binding in aSEC experiments, we observed a prominent peak shift of CC1 mixed with chTOG-Cterm that did not occur in the case of CC2 (Fig. 4, B and C) . This selective CC1-chTOG-Cterm interaction was still observable in the presence of equimolar amounts of CC2, i.e. when mixing and analyzing all three fragments together (Fig. 4D) . Of note, CC1 and CC2 did not interact with each other (supplemental Fig.  S7 ). Subsequent ITC-based binding measurements revealed a strong association between CC1 and chTOG-Cterm with a K d of 0.7 M and a binding stoichiometry (n ϭ 0.83) of nearly 1:1 (Fig. 4E) . Consistent with the aSEC data, we did not detect any interaction between CC2 and chTOG-Cterm in ITC experiments (Fig. 4E) . Importantly, we confirmed these findings also in vivo by expressing deletion mutants of TACC3 lacking either the TACC domain (CC) or one of its subdomains (i.e. CC1 or CC2) in HEK293 cells as C-terminally tagged GFP fusion proteins. Transfected cells were subjected to co-immunoprecipitation analysis using GFP-specific antibodies. As indicated in Fig.  5 , deletion of CC1, but not of the CC2 subdomain, abrogated interaction with endogenous chTOG, strongly indicating that also under in vivo conditions the CC1 domain specifically determines binding of TACC3 to chTOG.
chTOG Binds to TACC3 via a C-terminal Region after the MT-interacting TOG Domains-Having localized CC1 as part in the TACC domain that binds to the C terminus of chTOG, we now narrowed down the TACC3 interacting part within the C terminus of chTOG. For this, we purified and analyzed two subdomains, chTOG-A (aa 1544 -1805), which contains the putative, MT-interacting TOG6 domain (52) , and chTOG-B (aa 1806 -2032) within the C terminus of chTOG (supplemental Fig. S5 ). As indicated in the pulldown-based interaction analysis in Fig. 6 , chTOG-B, but not chTOG-A, efficiently bound to TACC3 or its isolated CC1 domain. Consistent with this, employing aSEC and subsequent peak fraction analysis on SDS-PAGE, we observed a clear complex formation for chTOG-B-CC1 but no interaction and peak shift when chTOG-A and CC1 were mixed together (supplemental Fig. 10,  A and B) . Thus, chTOG binds specifically via a C-terminal fragment adjacent to the putative MT-binding TOG6 domain to the CC1 domain of TACC3.
Interaction of chTOG with TACC3 Abrogates Intradomain Masking of TACC3-Based on the findings above, we next addressed the relation between the intradomain TACC3 interaction (mediated through 7R and CC2) and intermolecular CC1-chTOG-Cterm binding thereby analyzing the "directionality" of formation of these protein complexes. As indicated in Fig. 7A , GST-fused chTOG-Cterm was able to pull down fulllength TACC3 or its C terminus (CC) produced upon thrombin cleavage of TACC3. However, in the latter case, the N-terminal part of TACC3 (TACC3-N7R) could not be detected in GSTchTOG-Cterm pulldown complexes by immunoblotting (Fig.  7A , last lane) strongly indicating that chTOG-Cterm binding uncouples the intramolecular TACC3 interaction. These findings were further validated by subjecting the TACC3-chTOGCterm protein complex before and after thrombin cleavage to aSEC. Fig. 7B shows that both TACC3 alone and TACC3 bound to chTOG-Cterm eluted on aSEC comparably at a peak fraction equivalent to an apparent molecular mass of ϳ1200 kDa. In contrast, when TACC3 was prebound to chTOG-Cterm and then subjected to thrombin cleavage, a shift of the TACC3 complex (TACC3-N7R-CC; apparent mass of ϳ630 kDa) toward an earlier elution volume corresponding to an apparent mass of ϳ800 kDa was detected (Fig. 7C) . SDS-PAGE analysis confirmed that this peak shift was due to the interaction of chTOGCterm with the TACC domain, once more indicating that the intramolecular interaction between 7R and CC2 is relieved upon chTOG-Cterm binding to CC1. We conclude that 7R-CC2 and CC1-chTOG-Cterm are consecutive and mutually exclusive interactions representing the two distinct masked and unmasked states of the C-terminal TACC domain of TACC3.
Aurora-A Kinase Does Not Interfere with TACC3-chTOG Complex Formation-Aurora-A kinase phosphorylates and targets TACC3 to centrosomes and proximal mitotic spindles as a prerequisite for TACC3-chTOG protein complex-dependent centrosomal MT assembly and dynamics (43) (44) (45) (46) . Sequence alignment and phosphorylation prediction revealed that murine TACC3 displays three putative Aurora-A phosphorylation sites (Ser-34, -341, and -347) that are localized in the N-terminal part outside of the CC domain (Fig. 1A) and are conserved in human TACC3 (Ser-34, -552, and -558) as well as X. laevis TACC3 (Ser-33, -620, and -626) (28) . Our in vitro data presented above already indicated that Aurora-A-mediated phosphorylation of TACC3 is not required to expose the TACC domain for intermolecular protein interaction. However, the time point when Aurora-A phosphorylates TACC3, i.e. before or after chTOG binding, remained unclear. We, therefore, subjected (i) TACC3 before and after thrombin cleavage, (ii) TACC3-⌬R lacking the central repeat region required for intramolecular masking, and (iii) TACC3 prebound to chTOGCterm to in vitro kinase assays. As shown in Fig. 8 , under all these conditions the N terminus of TACC3 outside of the TACC domain was efficiently phosphorylated by Aurora-A kinase. Thus, Aurora-A phosphorylates TACC3 independent from the masked or unmasked status of the TACC domain and does thereby not discriminate between the unbound or chTOG-bound state.
These in vitro findings were also tested in vivo by employing the Aurora-A kinase inhibitor MLN8237 in cell culture under conditions where Aurora-A kinase activity (as monitored by autophosphorylation at Thr-288) was abrogated (supplemental Fig. S8A ). As indicated in supplemental Fig. 8 , B-D, MLN8237-mediated inhibition of Aurora-A kinase impaired spindle formation and colocalization of TACC3 and chTOG to microtubules and spindle poles. However, centrosomal colocalization of TACC3 and chTOG was still detectable despite the occurrence of fragmented centrosomes. Consistent with this, employing co-immunoprecipitation analysis, interaction of TACC3 with chTOG was still detectable in MLN8237-treated cells (supplemental Fig. S9 ). Taken together, these findings emphasize that Aurora-A functions solely as a recruitment factor of the TACC3-chTOG complex to centrosomes and proximal spindle microtubules (43) (44) (45) (46) without affecting its formation and protein interaction.
DISCUSSION
This study provides novel molecular insight into the basis of spindle MT stability and dynamics during mitosis by determining the interaction between the centrosomal adaptor protein TACC3 and the MT polymerase chTOG. The main findings of our work are as follows. 1) The C-terminal TACC domain of TACC3 consists of two functionally distinct modules, CC1 and CC2. 2) CC2 performs an intradomain interaction with the central repeat region (7R), a complex that masks intermolecular interaction of TACC3. 3) chTOG directly binds CC1 via a C-terminal fragment adjacent to N-terminal MT binding TOG domains. 4) Aurora-A kinase, a major regulator of TACC3, does not interfere with TACC3-chTOG complex formation either in vitro or in vivo. 5) Thus, Aurora-A solely acts as a centrosomal/proximal spindle recruitment factor for the TACC3-chTOG complex consistent with previous findings (43) (44) (45) (46) .
Our data argue against the possibility that the evolutionary conserved interaction between TACC3 and chTOG family members, as observed by several groups (31, 53, 58, 59, 67) , requires the complete TACC domain. By analyzing the TACC3-chTOG protein complex, we define CC1 as an chTOG interacting domain. Moreover, we show that the deletion mutant TACC3-⌬CC1, in contrast to TACC3-⌬CC2, fails to co-immunoprecipitate/interact with chTOG in vivo (Fig. 5) . Our findings are consistent with recent work of Hood et al. (52) that has analyzed the interaction of human TACC3 and chTOG isoforms using a deletion mapping approach. The authors narrowed down the corresponding human CC1 domain to a short region of 12 amino acids (aa 673-684) that appears to be sufficient for chTOG binding and chTOG localization on spindle MTs in vivo (52) . Interestingly, centrosomal localization of chTOG was apparently reduced but still detectable, further indicating that chTOG may be recruited to centrosomes via both TACC3-dependent and -independent mechanisms.
As indicated in our model (Fig. 9) , the mutually exclusive intradomain 7R-CC2 and interdomain CC1-chTOG interactions, respectively, provide novel functional insight into the subdomain selectivity and directionality of TACC3-chTOG complex formation. Our findings obtained by ITC analysis (Figs. 3E and 4E ) are of particular relevance by providing clear insights into differential binding affinities for a strong chTOGCterm-CC1 interaction versus a weak 7R-CC2 interaction. Accordingly, we propose that chTOG binding to CC1 results in a conformational change of the CC2 subdomain, which is in turn released from its intramolecular complex with 7R and hence unmasks both CC2 and the central repeat region of FIGURE 3. Deletion of the central repeat (7R) domain prevents intramolecular TACC3 complex formation. A, primary structure of TACC3-⌬R lacking the 7R domain. B, elution profile of TACC3-⌬R on analytical gel filtration (Superpose 6, 10/300) before (solid line) and after (dashed line) thrombin cleavage. V o , void volume. C, peak elution fractions were analyzed on SDS-PAGE (4 -15% gradient gel) followed by CBB staining (upper panel) and immunoblotting using the indicated antibodies (middle and lower panels). Thr., thrombin. D, the interaction between the isolated repeat region (7R) and the TACC domain (CC) was analyzed by pulldown assays and immunoblotting using N18 and C18 antibodies against TACC3. The asterisk indicates bovine albumin used to reduce unspecific binding to GSH-Sepharose beads. E, analysis of the interaction between 7R and subdomains of the TACC domain (CC1, CC2) employing ITC. Heat changes after association of the indicated protein fragments indicate that 7R selectively interacts with CC2 (upper panel) but not CC1 (lower panel). See supplemental Fig. S6 for experimental ITC controls.
TACC3. As a consequence, not only CC2, but also 7R may become available for further interactions with other downstream binding partners. However, in the latter case, no protein is currently known that binds to the central repeat domain of TACC3 despite the presence of bona fide PXXP binding motifs known to interact with SH3 domain-containing proteins in intracellular signaling processes. This is different for the TACC domain that has been identified by yeast two hybrid-based screening as well as pulldown and immunoprecipitation assays as major binding partner for various, functionally rather diverse proteins. These include factors involved in cortical neurogenesis (Cep192, DOCK7) (68, 69) , hematopoietic development (FOG-1) (70), hypoxia response and gene expression (ARNT) (66) , transcriptional regulation (MBD2) (71) , and regulation of mTOR signaling (TSC2) (55) . Interestingly, FOG-1 and ARNT have been proposed to bind to a region containing the last 20 residues of the CC2 subdomain (66, 72) . Consistently, CC2 may be involved not only in intradomain but also in intermolecular protein interactions, whereas CC1 may only undergo intermolecular effector binding.
Aurora-A-mediated phosphorylation of TACC3 seems not to interfere with TACC3 intradomain and TACC3-chTOG interdomain interactions under in vitro conditions (Fig. 8) . Accordingly, in vivo, TACC3-chTOG interaction and centrosomal colocalization was still detectable in HeLa cells that have been subjected to treatment with the Aurora-A kinase inhibitor MLN8237 (supplemental Figs. S8 and S9 ). These findings also contradict the previous model proposing that Aurora-A-mediated phosphorylation of X. laevis TACC3 triggers unmasking of the TACC domain and thereby exposes it for intermolecular interaction (i.e. XMAP215 binding) and centrosomal targeting (46, 59) . In fact, Aurora-A-mediated phosphorylation of TACC3 seems to be solely required for targeting of the TACC3-chTOG complex to centrosomes and spindle MTs (28, 44) . In the latter case, pTACC-chTOG interacts with another key effector in mitotic spindle assembly, the clathrin heavy chain, thereby cross-linking and stabilizing MT bundles (31, 51, 52) .
Based on this study a sequential function of TACC3-chTOG effector complexes in the course of mitosis can be proposed. Fig. S6 ) and the CC domain of TACC3 was analyzed by pulldown assays and immunoblotting using antibodies against the C-terminal end of TACC3 (C18) and GST. B and C, binding of purified TACC subdomains (CC1 or CC2) to chTOG-Cterm was analyzed by aSEC (superpose 6, 10/300) followed by SDS-PAGE and CBB staining of the respective peak fractions. D, chTOG-Cterm interacts in a competition experiment selectively with CC1 when mixed with both CC1 and CC2 fragments. Samples were analyzed by aSEC followed by SDS-PAGE and CBB staining of the respective peak fractions. The dotted box indicates elution fractions from the analysis of the CC1ϩCC2ϩchTOG-Cterm mixture employing anti-chTOG and anti-TACC3 (C18 recognizing CC2, but not CC1) antibodies. E, analysis of binding of chTOG-Cterm to CC1 (left panel) and CC2 (right panel) using ITC confirms selective protein complex formation between chTOG-Cterm and CC1. See supplemental Fig. S6 for experimental ITC controls. FIGURE 5. The CC1 subdomain is required for binding of TACC3 to chTOG in vivo. HEK293 cells were transfected with expression constructs for TACC3 or the indicated C-terminal deletion mutants all C-terminally fused to GFP. After 48 h, total cell lysates were prepared and subjected to co-immunoprecipitation analysis using a GFP-specific antibody followed by SDS-PAGE analysis and detection of chTOG in the immunoprecipitates. mAu, milliabsorbance units; IP, immunoprecipitation. The asterisk indicates an unspecific band. FIGURE 6. The C terminus of chTOG following the six TOG domains binds to the CC1 subdomain of TACC3. The interaction between the C terminus of chTOG (divided into the subfragments chTOG-A and chTOG-B; supplemental Fig. S5 ) with full-length TACC3 or its CC1 subdomain was analyzed by pulldown assays and subsequently detected by CBB staining and immunoblotting using antibodies against the C-terminal end of TACC3 (C18). chTOG-B, but not the TOG6 domain containing fragment chTOG-A (supplemental Fig.  S5 ), displays a selective interaction with TACC3. FIGURE 7. Binding of chTOG-Cterm to TACC3 disrupts the intradomain interaction of TACC3. A, the interaction between chTOG-Cterm and thrombincleaved TACC3 was analyzed by pulldown assays and immunoblotting using the indicated antibodies. Intramolecular interaction of TACC3-N7R with CC is thereby abrogated upon chTOG-Cterm binding, as chTOG-Cterm pulls down CC but not TACC3-N7R (last lane). Thr., thrombin. B and C, aSEC-based analysis of the TACC3 -chTOG-Cterm complex was performed employing uncleaved TACC3 (B) or thrombin-cleaved TACC3 either alone or prebound to chTOG-Cterm (C). Peak fractions were analyzed by SDS-PAGE and CBB staining. The dashed lines within the CBB-stained SDS-PAGE gels highlight the peak shift of the chTOGCterm-CC complex (but not of TACC3-N7R) after thrombin cleavage. mAu, milliabsorbance units.
TACC3 interacts with the C terminus of chTOG thereby targeting it in an Aurora-A-dependent manner to spindle poles. On the other hand, the evolutionary conserved N terminus of chTOG likely comprises MT-stabilizing activity as demonstrated for XMAP215. In particular, XMAP215/chTOG proteins contain a variable number of TOG domains that bind to ␣␤-tubulin heterodimers, load them as MT polymerase (73) to the plus ends of MTs, and thereby inhibit "MT catastrophes." In contrast, the C-terminal part of XMAP215 (and likely also chTOG) suppresses MT growth by promoting MT catastrophes (74) . Therefore, the engagement of chTOG-Cterm by the CC1 subdomain of TACC3 during G 2 /M transition and metaphase might be a vital step in shifting the equilibrium toward MT polymerization. Upon mitotic exit, Cdh1 and ubiquitin-dependent degradation of TACC3 (39) then "disengages" the MT catastrophe promoting activity of the C terminus of XMAP215/ chTOG. As a consequence, a shift of the equilibrium occurs toward MT "shrinkage" and disassembly of the spindle apparatus. Thus, TACC3 family members may function as "engagement factors" for the C terminus of XMAP215/chTOG to ensure a dynamic balance between MT rescue and catastrophe during the course of mitosis.
Besides a better molecular understanding regarding the mechanism and directionality of TACC3-chTOG interaction, we furthermore obtained novel insight into the unusual biophysical properties of TACC3. Analysis by aSEC (e.g. Fig. 1 ) clearly demonstrated that TACC3 displays a higher oligomeric mass and/or an elongated rod-like structure, obviously due to the presence of the coiled-coil containing TACC domain that elutes inherently at an apparent molecular mass of ϳ630 kDa (Fig. 3B) . Moreover, endogenous TACC3 or FLAG-tagged TACC3 from transfected eukaryotic cells behaves on aSEC comparable to purified TACC3 (data not shown). These findings are in accordance with the observation that TACC isoforms overexpressed in HeLa cells form in a TACC domaindependent manner punctuate-like structures resembling cytoplasmic polymers (data not shown) (27) . Employing further analytical methods including multiangle light scattering and analytical ultracentrifugation allowed us to conclude that TACC3 is characterized by a oligomeric (i.e. dimeric to hexameric) structure and a highly extended shape (supplemental Fig.  11 , B and C, and supplemental Table S1 ). These findings are consistent with data from electron microscopic analysis where TACC3 depicts an elongated, fiber-like appearance (34) . Another abnormality of murine TACC3 represents its migration in SDS-PAGE gels at 120 -130 kDa (Fig. 1C) as compared with its theoretical molecular mass of 70.5 kDa. Interestingly, this unusual "gel shifting" is not based on the presence of the coiled-coil containing TACC domain (data not shown) but is rather caused by the central repeat region (supplemental Fig.  S4, B versus A) . As proof, deletion of the 7R domain restored normal gel migration of TACC3 ( Fig. 3C and supplemental Fig.  S4B ). Of note, abnormal SDS-PAGE migration of acidic proteins can be caused by an altered binding of surfactants (like SDS) (75), a possibility that remains to be clarified for TACC3 and in particular the 7R domain. Integrative model for the domain specificity and directionality of TACC3-chTOG complex formation. We propose that the intradomain (7R-CC2; TACC3 masked) and intermolecular (CC1-chTOG; TACC3 unmasked) binding states of TACC3 are mutually exclusive, thereby defining a directionality of TACC3 regulated adaptor function toward chTOG binding and function. TACC3 can be phosphorylated by Aurora-A kinase in both binding states, indicating that Aurora-A acts as a centrosomal recruitment factor but is not involved in exposing the TACC domain for intermolecular interaction with chTOG or TACC3-chTOG complex formation. Moreover, based on biophysical characterization of murine TACC3 (supplemental Fig. 11 , B and C, and supplemental Table S1 ; Ref. 34) we conclude that TACC3 displays an dimeric to oligomeric state. Thr., thrombin.
Biological and pathobiological roles of TACC3 are underlined by several observations. TACC3 deficiency leads to severe growth retardation and embryonic lethality (38, 40) . This is in line with the anti-proliferative and cell cycle arrest/senescenceinducing impact of shRNA-mediated gene silencing of TACC3 (41, 42) . Moreover, it could be shown that TACC3 depletion sensitizes cells to the apoptotic and senescence-inducing effects of mitotic spindle poisons. Accordingly, inducible gene disruption of TACC3 in vivo in the p53
Ϫ/Ϫ sarcolymphoma model is highly effective in causing apoptotic tumor regression (76) . Interestingly, besides quantitative deregulation of gene expression of TACC isoforms in several tumor types, TACC1 and TACC3 point mutants have been identified in melanoma and ovarian cancer patients (77, 78) . Moreover, oncogenic fusions between TACC and fibroblast growth factor receptor genes have been recently described in glioblastoma multiforme and bladder cancer patients (79, 80) . The impact of these structural and tumor-associated alterations on Aurora-A-mediated regulation and function of TACCs is currently unknown and requires a more in-depth molecular understanding of TACCeffector interactions. Irrespective, it is tempting to speculate that these TACC mutants translate through loss-of-function or gain-of-function mechanisms into chromosomal instability and aneuploidy and thereby support cellular transformation (81, 82) . Taken all these points into account, TACC3 represents an attractive antitumor target that may be at least indirectly drug-treatable at the level of its interactome. This assumption is supported by the recent identification of small drugs that act as inhibitors of protein-protein interaction and thereby impair the half-life and stability of TACC3 (KSH101), disrupt the TACC3-ARNT complex (KG-548), or inhibit the function of the TACC3-chTOG complex (spindlactone) (54, 66, 83, 84) .
